Mimetic colour pattern races of Heliconius butterflies provide a striking example of adaptive radiation and numerous crossing experiments have investigated the genetics of these racial differences. However, colour pattern differentiation between closely related Heliconius species has not been previously studied. Here we present data from crosses between H. erato cyrbia and its sister species, H. himera. The genetic architecture underlying colour pattern divergence between these species is identical to that observed between races of H. erato. As in inter-racial crosses, colour pattern differences resulted from segregation at a few major loci. Evidence from 1321 offspring in 4 F 1 , 17 backcross, 7 F 2 and 21 further crosses showed that two major loci controlled most of the colour pattern differences between H. erato and H. himera. There were strong interactions between these loci in their patterns of expression and evidence for other loci with relatively minor phenotypic effects. More importantly, based on patterns of expression within broods and linkage with Aconitase, we conclude that these major loci were homologous with those known to be responsible for colour pattern differences within H. erato. Our crosses also permit a re-evaluation of the relationships between colour pattern races of H. erato. This suggests that H. e. hydara, which occurs across a major mtDNA break, is the ancestral phenotype from which other races have evolved. Based on this assumption, we find no evidence to support the recent suggestion that apparently homologous colour pattern alleles have arisen multiple times.
INTRODUCTION
The colour patterns of aposematic heliconiine butterflies are probably best known as a striking example of Müllerian mimicry. At any one site in the neotropical rainforest there are five or more easily distinguished mimetic assemblages. These groups of species, known as mimicry rings, consist of heliconiine and other lepidopteran species which share a common aposematic colour pattern. The common pattern in many of these mimicry rings changes abruptly every few hundred kilometres across the neotropics, producing concordant changes in the appearance of many species. Thus there are two dimensions to warningcolour diversity, distinct coexisting mimicry rings and abrupt changes in the dominant pattern across tropical America.
Perhaps the most extreme adaptive radiation of colour pattern has occurred in the Müllerian comimics, Heliconius erato and H. melpomene. These two species occur across the neotropics, where they have each evolved into nearly 30 parapatric colour pattern races (Brown 1979) . Colour pattern radiation in both species is largely the result of divergence at just a few genetic loci. For example, although ten unlinked genes (or gene complexes) have been described in previous analyses of inter-racial crosses within H. erato, most of the phenotypic variation observed in this species can be explained by changes at only four major loci (Sheppard et al. 1985) . A similar number of loci are involved in colour pattern change in H. melpomene (Sheppard et al. 1985) . This pattern, in which major phenotypic transitions involve changes at a few loci, is predicted by mimicry theory (Turner 1984) , but could also result if the development of wing colour patterns is controlled by the expression of a few regulatory genes (Carroll et al. 1994; Nijhout 1994; Brakefield et al. 1996) .
Previous attempts to unravel the history of colour pattern evolution in H. erato and H. melpomene have been based either on allelic changes at wing pattern loci or the pattern of variation within mitochondrial DNA (Turner 1983 (Turner , 1984 Brower 1994b Brower , 1996 . These two approaches have yielded conflicting results. Under Turner's hypothesis of colour pattern parsimony similar geographically disjunct colour pattern races share a common ancestor. The mtDNA phylogeny appears to contradict this result and Brower speculated that colour pattern radiation within H. erato must have involved repeated evolution of identical patterns. Evaluating these competing hypotheses is made difficult because of the lack of information on the genetics of colour patterns in closely related outgroup taxa. Morphological and molecular phylogenetic hypotheses show H. erato and H. himera to be sister taxa (Brown 1979; Brower 1994a; Jiggins et al. 1997) . Furthermore, it is likely that the ancestor to both species resembled H. himera in coloration. The yellow forewing band and red hindwing bar pattern characteristic of H. himera also occurs in another closely related species, H. clysonymus. In addition, unlike H. erato, neither H. himera nor H. clysonymus are involved in mimicry or exhibit much geographic variation in colour pattern. Thus it is less likely that these species are subject to convergent evolutionary pressures that might lead to rapid colour pattern change.
Here we re-evaluate colour pattern evolution within H. erato, using inferences from crosses between H. himera (himera) and the west Ecuadorean race, H. erato cyrbia (cyrbia). We use these data, in the light of Brower's mitochondrial DNA phylogeny and past inter-racial crosses, to answer two specific questions about colour pattern evolution in this group. First, are the genetic loci responsible for colour pattern differences between himera and cyrbia homologous to those already observed within H. erato? Second, using the assumption that the H. himera pattern is ancestral, is it possible to reconcile the mtDNA phylogeny with a hypothesis of parsimonious colour pattern evolution?
METHODS
Heliconius himera and H. e. cyrbia hybridize in nature and are completely interfertile McMillan et al. 1997) . Crosses were carried out between stocks collected in Vilcabamba (H. himera), Piñas and Balsas (H. e. cyrbia) in southern Ecuador. Rearing methods are described elsewhere . After eclosion, wings were removed and stored in glassine envelopes, whilst the bodies were immediately frozen in liquid nitrogen for genetic analysis.
Virgin females were obtained by rearing the offspring of wild-caught females. These were then mated in an outdoor cage with either wild-caught males or healthy reared males. In this manuscript 'F1' and 'F2' are himera × cyrbia and F1×F1 crosses, respectively. 'BH' refers to a cross between an F1 and a pure himera; 'BC' a backcross to cyrbia; 'BHH', a cross between offspring of a BH brood and a pure himera; 'BHF2', a cross between a BH offspring and an F2, etc.
We used goodness-of-fit and homogeneity G-tests to test hypotheses of wing pattern inheritance. All broods with the same expected pattern of segregation were combined for each test. Where significant heterogeneity was found between broods, this is discussed in the text.
We also examined linkage relationships with the cathodal Aconitase enzyme which is known to be linked to the Cr gene in H. erato, and shows a virtually fixed difference between himera and cyrbia (Mallet 1989; ; Acon 100 is the cyrbia allele, Acon 150 the himera allele). Eight backcross broods were analysed to investigate linkage between this marker and colour pattern genes.
RESULTS
We examined 1321 offspring from 4 F 1 , 17 backcross, 7 F 2 and 21 further crosses (table 3) . The genetic basis of wing colour pattern differences between the two species proved to be remarkably simple and most of the phenotypic variation could be explained by segregation of alleles at two major loci. The red locus, D in the nomenclature of Sheppard et al. (1985) , controlled placement of the forewing red band and hindwing red bar, whilst the yellow locus, Cr, controlled all yellow and white pattern elements (figure 1). The red cyrbia forewing band and red himera hindwing bar were controlled by codominant alleles at a single locus, D, here named D hi in himera and D c in cyrbia (figure 1). F 1 hybrids exhibited both elements, whilst backcrosses to himera all exhibited the red hindwing bar, and backcrosses to cyrbia all had the red forewing band. The presence and absence of red elements in backcross and F 2 broods followed the expected 1:1 and 1:2:1 ratios, respectively, (BC broods, hindwing red bar, +162:−150, G 1 = 0.46, n.s.:BH broods, forewing red, +127:−101, G 1 = 2.97, n.s.:F 2 broods, 48:86:52; G 2 = 0.70, n.s.). The red forewing in BH broods varied from a full red band to only 5% red scales on a yellow band. All 21 further crosses involving backcross or F 2 parents were consistent with the single locus hypothesis (table 3) . The yellow and white colour pattern elements in both himera and cyrbia were similarly controlled by alternate alleles at a single locus (figure 1). This was confirmed by the association between yellow and white phenotypes and Aconitase genotypes (table 1). None of these yellow or white pattern elements were strongly expressed in F 1 broods implying that the alleles were largely recessive. Because of this recessivity, himera and cyrbia pattern elements do not segregate together in backcross broods and are initially considered separately. Similar patterns of expression and the linkage relationship with Aconitase imply homology of the 'yellow locus' described here and the Cr gene identified in previous H. erato crosses (Mallet 1989) .
The cyrbia elements, yellow bar and white margin, segregated together in the expected 1:1 ratio in BC and further crosses (205:209; G 1 = 0.04, n.s.), and 1:3 ratio in F 2 broods (36:150, G 1 = 3.34, n.s.). There is no crossing over in female Heliconius (Turner & Sheppard 1975 ) and in two BC broods with female F 1 parents tested for allozyme linkage there was a complete association between presence of the himera Acon 150 allele and absence of the yellow bar and white margin (table 1). There was no significant association between the loci in broods with male F 1 parents ( 63, 68, 67, 126 and BC broods 51, 75, 72 and 127 are shown. In the BC broods, crosses with different parental genotypes are combined, so full allozyme genotypes of offspring are not shown. In broods with male F1 parents there was no significant association between any of the markers (BH broods, n = 61, G1 = 2.72, n.s.:BC broods, n = 67, G1 = 1.83, n.s.). There is no crossing over in female Heliconius (Turner & Sheppard 1975 
The offspring of these broods fell into two classes; one with an entirely yellow forewing band (full yellow) and the other a smudgy yellow forewing, which resulted from a mixing of black and yellow scales (yellow/black). These phenotypes segregated in the expected 1:1 ratio (28:26; G 1 = 0.511, n.s.). In the absence of red, the forewing band expression of Cr hi is therefore partially recessive, although in more cyrbia-like genetic backgrounds Cr hi may be completely recessive to Cr c ; e.g. male parent of brood 136 (table 3) .
The Cr locus also controlled some of the variation in forewing band shape. In H. himera the forewing band was broader and more proximal than in cyrbia. F 1 broods were intermediate in position and shape. BH broods showed little variation and were similar to himera, suggesting that the himera allele(s) controlling this effect were largely dominant. BC broods showed considerable variation in phenotype, with Cr hi Cr c genotypes having significantly broader forewing bands than Cr c Cr c genotypes (table 2).
Although the single gene hypothesis is the simplest explanation of the data, there was evidence from a single F 2 individual that the Cr locus may consist of two closely linked genes. This had a 30% yellow/70% black forewing band, and a hindwing white margin and yellow bar, a phenotype most easily interpreted as a heterozygote for the himera Cr hi allele but a recessive homozygote for the cyrbia Cr c allele. Unfortunately, identifying recombination is difficult in most broods because of phenotypic overlap between
Only one brood (136) showed segregation of both yellow elements in the absence of the red forewing, allowing all Cr genotypes to be scored with confidence (table 3). This showed no evidence for recombination in 26 offspring.
The difficulty of identifying recombinant phenotypes was further highlighted by analysis of the cyrbia yellow bar and white margin traits. We observed six individuals (table 3) which expressed only one or other pattern element. However, three of these individuals occurred in first generation backcross broods with a female F 1 parent. As there is no recombination in females, these phenotypes could not have been generated by recombination. The most likely explanation was that hybrid combinations of modifier genes affect the expression of these elements. This must cast some doubt on the interpretation of unusual phenotypes as evidence for recombination within major loci.
(c) Blue iridescence
Levels of iridescence were difficult to score and more continuously variable than expected under a single locus hypothesis. F 1 broods showed intermediate levels of blue and BH broods mostly exhibited faint blue. BC broods segregated approximately into individuals with half versus full iridescence in a 1:1 ratio (143:1674; G 1 = 1.86, n.s.), which would imply that one partially recessive major gene was involved. The top left and bottom right phenotypes are H. himera and H. e. cyrbia, respectively. The two differ strikingly in appearance. The forewing band is yellow in himera and red in cyrbia. On the hindwing himera has a broad red bar on the upperside, whilst cyrbia has a narrow yellow underside bar and a white margin visible on both upper and undersides. Finally, the upperside background colour of himera is black, whilst that of cyrbia is iridescent blue. All hybrid broods were scored for the presence/absence of these colour pattern elements. The central phenotype is an F1. The two boxes show the BH (dotted line) and BC (solid line) phenotypes. Codominant alleles at the D locus control positioning of the red elements. The Cr locus controls the yellow and white elements and both alleles are largely recessive. However, there was significant heterogeneity between broods (G 10 = 38.63, p < 0.0005), suggesting that more loci are involved. There was no evidence for any association between expression of iridesence and the other colour pattern traits, implying that the genes involved are not linked to Cr or D.
(d ) Modifier loci and interaction effects
Although most of the phenotypic variation in broods can be explained by segregation of alleles at two loci, there was evidence for additional loci of minor phenotypic effect and interactions between the major loci described above. The red himera hindwing bar was expressed on the underside of the wing in many hybrids, a phenotype never seen in 'pure' himera. This occurred to some degree in all F 1 individuals. In BH and further backcross broods there was stronger expression of red on the hindwing underside in those individuals which did not express red in the forewing (e. 
DISCUSSION (a) The genetics of mimicry
The mimetic differences between H. himera and H. erato cyrbia are controlled by a very simple genetic system. Virtually all the variation observed in hybrid broods can be explained by the segregation of alleles at just two loci. The only major trait not influenced by these loci is the blue iridescent background colour of cyrbia.
The divergence of colour pattern between species and races seems to involve largely the same genetic machinery. The genetic loci described here are almost certainly homologous with those previously identified within H. erato (Sheppard et al. 1985; Mallet 1989) . In races of H. erato recessive alleles at the Cr locus produce a yellow hindwing bar in a similar manner to that found in H. erato cyrbia. Even more convincing, in both our himera × cyrbia crosses, and in inter-racial crosses, the Cr locus is syntenic with Aconitase (Mallet 1989) . Given that there are 21 chromosomes in H. erato (Brown et al. 1992) , the same linkage relationship is unlikely to occur by chance alone. Nonetheless, the phenotypic effects of Cr are somewhat different in himera × cyrbia crosses than in inter-racial crosses. Most notably, in previous crosses, the yellow forewing band phenotype is not controlled by Cr, but by a locus, Y , tightly linked to those controlling red pattern elements (Sheppard et al. 1985, see below) . In our crosses, the red and yellow forewing phenotypes clearly represent segregation of two unlinked loci. This discrepancy may reflect nonhomology of the forewing yellow band between H. himera and H. erato, or alternatively a different phenotypic expression of the himera Cr allele in the cyrbia genetic background. We have also shown that Cr influences the shape of the forewing band. This provides an interesting comparison with the previously identified Y l, Sd complex in H. erato, which similarly affects the hindwing yellow bar and forewing band shape (Mallet 1989) . The fact that the unlinked loci, Cr and Y l, have similar effects on two apparently unrelated aspects of wing pattern phenotype may imply that they act on the same developmental pathway.
Similarly the D locus is probably homologous to the D, R, Y complex, which controls red and orange pattern elements in other races of H. erato. Sheppard et al. (1985) hypothesized that the red forewing and hindwing colour pattern elements were controlled by three tightly linked loci, named D, R and Y . However, given that in their crosses no recombinants are known between red forewing and red hindwing elements it seems more likely that D, R and Y represent the phenotypic effects of a single locus. Mallet (1989) caught a single apparent recombinant phenotype between D and R. This could be explained by the presence of two tightly linked genes, but might also represent a novel mutation at this or another locus. Our results broadly support Nijhout's (1991 Nijhout's ( , 1994 ) model of Heliconius wing pattern development, which was based on inferred homologies with the 'nymphalid ground plan'. His model implies that changes in a few regulatory genes lead to large changes in pattern phenotype, as observed in our crosses. However, Nijhout's (1994) suggestion that red elements are 'pattern' whilst yellow is 'background' is not supported here. The mixed expression of red and yellow within the clearly defined forewing band suggests that these pigments are produced in a homologous manner.
(b) The history of the H. erato colour pattern radiation Turner (1983 Turner ( , 1984 constructed a colour pattern network connecting races based on the assumption that similar wing pattern phenotypes share a common ancestor. He lacked information on the ancestral colour patterns, but used the assumption that dominant alleles are more likely to be derived to infer the direction of evolution (Turner 1983) . Recently Brower (1994b Brower ( , 1996 has produced a mtDNA tree of the races of H. erato which was very different to Turner's colour pattern parsimony tree. In the mtDNA tree there was a phylogenetic break between races from the east and west of the Andes. Within these two major clades there was virtually no phylogenetic resolution. Races with very similar phenotypes occur on both sides of the Andes, and the break itself occurs within the race H. e. hydara, which stretches from Panama to Guyana. This discrepancy led Brower to conclude that identical colour patterns must have evolved independently.
Our crosses now provide information on the inheritance of colour pattern in the most likely ancestor to the H. erato radiation, H. himera. This removes the need to make assumptions about the direction of evolution from patterns of dominance. With these new data, we can reconstruct an evolutionary network which largely resolves conflict between the mtDNA tree and the assumption that similar colour patterns share a common ancestor (figure 2). Under our hypothesis the red forewing band race, H. erato hydara (hydara), which occurs across the mtDNA break, is the most ancestral pattern within H. erato and is derived by a single gene substitution from the himera ancestor. This genotype is actually produced in our F 2 broods, where
Cr hi Cr hi genotypes are very similar in appearance to hydara (figure 1). A hydara ancestor must have evolved before the mtDNA split, some 1.5 million years ago (Brower 1994b) . All subsequent colour pattern evolution occurs in the two mtDNA clades, within which there is little phylogenetic resolution. Different wing colour phenotypes share the same mtDNA haplotype either because of recent colour pattern evolution or hybridization (Brower 1994b; Mallet et al. 1996) . As a result, it is impossible to use the mtDNA tree to infer the direction of subsequent colour pattern change within each geographic region.
The allelic changes shown (figure 2) depend on a revised interpretation of previous crosses, in the light of our himera × cyrbia broods. The hypothesis shows the Amazonian races as retaining the ancestral Cr hi allele, giving rise to a yellow forewing phenotype. This is a slightly different interpretation to that of Sheppard et al. (1985) and implies that all races previously crossed are fixed for a homologue of Cr hi , which gives a yellow forewing as the background phenotype, that is masked in the presence of the d ry (red forewing) genotype. The alternative hypothesis, that the yellow forewing has arisen in the Amazon by a change at the D locus, would add another two steps to the tree (loss of Cr hi followed by gain of D ry ) but would not alter the branching pattern. Crosses between himera and Amazonian races would now be interesting to test whether the yellow forewing is homologous in the two forms.
The only apparently non-parsimonious feature of the hypothesis is that the hindwing yellow bar has arisen twice, once on either side of the Andes, which somewhat contradicts previous interpretation of inter-racial crosses (Sheppard et al. 1985) . However, a review of these data supports the contention that this phenotype is produced by independently derived alleles on either side of the Andes. Crosses between butterflies from west of the Andes (Panama) Figure 2 . Parsimony network for the evolution of mimetic patterns in H. erato. On the right are shown the four major clades within the mtDNA tree of Brower (1996) . The mtDNA data provides little resolution within these clades. Positioning of the outgroups, H. clysonius, H. telesiphe and H. himera, is also determined from mtDNA sequence data. All races which have been studied by means of crossing experiments are included. Allelic changes at the four major colour pattern loci are shown with bold vertical bars and genotypes listed, whilst phylogenetically uninformative changes at a further four loci are also shown with narrow bars, but genotypes for all races are not listed. Genotypes shown are deduced from Sheppard et al. (1985) , Mallet (1989) and data from the present study. Ur and Or loci (Sheppard et al. 1985) are not included following Mallet (1989) . The d rY allele is assumed to be homogolous to the D c allele identified in our crosses. The race venustus is listed as having the Y l I allele, although there is some evidence for homology with the yl t allele. H. e. chestertonii is also included as this form has a distinct mitochondrial haplotype, although the exact position of this race is necessarily speculative as nothing is known about the genetic basis of the phenotype. This is not the only most-parsimonious tree based on colour pattern data alone. For example, deriving the rayed races from the ancestral himera pattern is equally parsimonious given only the colour pattern data, but less likely in the light of evidence from colour pattern biogeography and mtDNA phylogeography.
and those from east of the Andes (S. E. Brazil) produce F 1 offspring with a strongly disrupted yellow bar. This is not expected if the two genotypes are homologous. Indeed, the yellow bar in the east re-sults from two independent loci, Cr and yl, in two races investigated (phyllis and favorinus) whilst a yellow bar phenotype in the west is produced by a single allele also at the Cr locus in both cyrbia and petiverana (Sheppard et al. 1985; Mallet 1989 and our crosses). Therefore, convergent evolution of the yellow bar phenotypes seems likely.
In conclusion, we find no evidence for multiple origins of similar colour patterns within H. erato, with the possible exception of the yellow hindwing bar. Furthermore, we find little support for Turner's hypothesis that dominant alleles are derived. In our tree, allelic changes occur in both directions, and in a number of cases one dominant allele is replaced by another, leading to codominant patterns of expression when such races are crossed. Although our hypothesis resolves the conflict between mtDNA and colour pattern data sets, there are a number of outstanding issues which remain to be answered about the evolution of colour pattern in H. erato. We know nothing about the colour pattern genetics of H. e. chestertonii. In our tree, this race is placed in a relatively derived position with the other west Andean yellow bar races. However, H. e. chestertonii has a distinct mtDNA haplotype that suggests it may be ancestral (Brower 1994b) . It is also unclear how the present disjunct distribution of races with apparently homologous colour patterns arose. This pattern is particularly striking around the Amazon basin, where red and yellow banded patterns are found in a number of isolated Andean valleys (Sheppard et al. 1985; Turner & Mallet 1996) . Furthermore, the mtDNA evidence seems to imply that H. erato and its comimic, H. melpomene, have not evolved in parallel (Brower 1996) . This is difficult to explain if similar mimetic colour patterns are uniquely derived in both species. Ultimately, molecular phylogenies of the colour pattern loci themselves will provide the definitive test of these hypotheses of colour pattern evolution in H. erato.
